Introduction
Immune responses against immunogenic tumors are mediated by CD8 + CTLs (1-3). Interestingly, despite T cell recognition, most tumors are not rejected in the host (4, 5) . The mechanisms that may prevent CTL-mediated tumor rejection include inhibition of T cell responsiveness by tumor-derived factors, such as TGF-β and soluble MHC class I-related molecules secreted by tumor cells (6, 7) , as well as negative regulation of the host immune system, including suppressive CTLA-4 signaling (8), the effect of CD25 + regulatory T cells (9) , and suppression by IL-13 produced by CD4 + NKT cells (10) . In addition to these mechanisms of active suppression, lack of effective recognition of tumors by T cells may disable an antitumor immune response, for example in the absence of TCR and/or costimulatory signals (11, 12) . It has been recognized that while stimulation of T cells through TCRs and costimulatory receptors such as CD28 leads to T cell activation, triggering of T cells through the TCR alone results in a nonresponsive state (anergy) of these cells (13) . The importance of costimulation for antitumor immune response has been demonstrated by experiments in which the enforced expression on tumor cells of B7 or ICOS/B7h, ligands for CD28, results in efficient eradication of inoculated tumors (14) (15) (16) (17) (18) . However, this approach to immunotherapy is practically difficult because of the lack of an efficient way to express a costimulatory molecule in all tumor cells. An alternative to this approach is the generation of T cells that can bypass the requirement for CD28 costimulation during activation. Such an approach may allow direct activation of tumor-specific CTLs by tumor cells in the absence of costimulatory ligands, thus representing a potentially powerful therapeutic tool against cancer.
Cbl proteins are RING-finger domain-containing E3 ubiquitin ligases involved in various membrane-receptor signaling events (19) (20) (21) . Previous experiments from our laboratory and others have shown that Cbl-b, a member of the Cbl family of proteins, plays a critical role in peripheral T cell activation (22, 23) . Remarkably, Cblb -/-CD4 + T cells have circumvented dependence on costimulatory signals for their activation, as they proliferate vigorously and secrete large amounts of IL-2 upon TCR stimulation in the absence of CD28 costimulation. These results thus underscore the role of Cbl-b as a key regulator of CD28 costimulatory signaling and suggest that CTLs deficient in Cbl-b may respond to and mount an efficient response against tumors that lack costimulatory signals. In the present study, we have tested this hypothesis using Cblb -/-mice as a model. Our results indicate that Cblb -/-mice reject inoculated highly and poorly immunogenic tumors and that adoptive transfer of Cblb -/-CD8 + T cells is sufficient to mediate the antitumor immune response in tumor-bearing mice. These findings provide evidence that Cbl-b-ablated CD8 + T cells may be effective tools in the treatment of human cancers.
Results

CD28-independent activation of Cblb -/-CD8 + T cells.
Previous results from our laboratory and others show that activation of Cblb -/-CD4 + T cells is independent of CD28 costimulation (22, 23) . To determine whether Cblb -/-CD8 + T cells might also bypass dependence on CD28 signaling, we compared cytokine secretion and proliferation of purified CD8 + T cells in WT and Cblb -/-mice after stimulation through the TCR alone or costimulation through the TCR and costimulatory receptor CD28. We found that WT naive CD8 + T cells generated limited IL-2 and IFN-γ responses after stimulation with anti-CD3 antibody alone ( Figure 1A ). They produced approximately 6 times more IL-2 and 2-3 times more IFN-γ when CD28 costimulation was provided. In contrast, stimulation of Cblb -/-CD8 + T cells with anti-CD3 antibody alone elicited much higher levels of IL-2 (10-fold; P < 0.05) and IFN-γ (10-fold; P < 0.001). Addition of costimulatory signaling by anti-CD28 antibody also enhanced the IL-2 production by Cblb -/-CD8 + T cells 4-fold (P < 0.01); however, the level of IFN-γ was not significantly altered ( Figure 1A ). These results indicate that inactivation of Cbl-b largely bypasses the requirement for CD28 costimulation in these cytokine responses of CD8 + T cells, as was previously observed for CD4 + T cells (22, 23) .
Interestingly, when cultures containing both CD8 + and CD4 + T cells were stimulated, the production of IFN-γ but not IL-2 by WT CD8 + T cells was markedly enhanced; however, the production of IFN-γ by Cblb -/-CD8 + plus CD4 + T cells was comparable to that by purified Cblb -/-CD8 + T cells (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI29472DS1), sug- gesting that CD4 + T cell help does not have an additive effect on the IFN-γ response of Cblb -/-CD8 + T cells. Consistent with the effects observed on IL-2 responses, anti-CD3 antibody alone induced significantly greater proliferation of purified Cblb -/-CD8 + T cells than that of WT T cells ( Figure 1B) . Additionally, while the proliferative response of WT CD8 + T cells was markedly enhanced when cells were costimulated with anti-CD3 and anti-CD28, reaching a level equivalent to the response of Cblb -/-CD8 + T cells stimulated by anti-CD3 alone, the proliferation of Cblb -/-CD8 + T cells was not dramatically elevated by CD28 costimulation ( Figure 1B ). Based on these results, we conclude that ablation of Cbl-b renders CD8 + T cells capable of responding to TCR stimulation without a requirement for CD28 costimulation and CD4 + T cell help.
A recent report shows that Cblb -/-CD4 + T cells are less sensitive than WT cells to TGF-β suppression (24) . To determine whether Cblb -/-CD8 + T cells are resistant to TGF-β inhibition, we measured TCR-induced proliferation and cytokine production by Cblb -/-CD8 + T cells in the presence of TGF-β. While presence of TGF-β markedly suppressed the proliferation and IFN-γ production of WT CD8 + T cells, the same TGF-β exerted little effect on Cblb -/-CD8 + T cells ( Figure 1C ). This result indicates that susceptibility to TGF-β suppression is compromised in Cblb -/-CD8 + T cells.
Efficient rejection of transplanted tumors in Cblb -/-mice. Loss of the dependence on CD28 signaling as well as increased resistance to inhibition by TGF-β for Cblb -/-CD8 + T cell activation suggested that Cblb -/-T cells might be activated by tumor cells in the absence of costimulation. We therefore predicted that Cblb -/-mice might mount an efficient immune response against tumor cells lacking expression of B7 costimulatory molecules. To explore this possibility, we examined whether Cblb -/-mice are resistant to inoculated murine EL4 and E.G7 thymomas. EL4 cells are derived from a T-lineage lymphoma that developed in a C57BL/6 mouse treated with 9,10-dimethyl-1,2-benzanthracene and represent a tumor model with weak immunogenicity as well as reported TGF-β secretion by EL4 cells (25) . By contrast, E.G7 cells are EL4 transfectants that express a transgene encoding chicken OVA and are therefore considered to be highly immunogenic tumors in which OVA serves as the tumor-specific antigen (26) . Importantly, both EL4 and E.G7 lymphomas do not express cell surface B7.1 or B7.2 and grow progressively in C57BL/6 mice after subcutaneous inoculation, while in contrast B7-transfected EL4 cells are rejected, demonstrating a critical role of costimulation in the antitumor response of WT mice (18) . To determine whether Cblb -/-mice reject E.G7 tumors, we subcutaneously injected E.G7 cells (1 × 10 6 cells per mouse) into the flanks of WT C57BL/6 and Cblb -/-mice and then monitored tumor growth ( was injected, tumors grew rapidly and killed 85% of WT (including Cblb +/+ and Cblb +/-) mice (n = 20). By contrast, the same dose of tumor cells was completely rejected in Cblb -/-mice ( Figure 2B ). Tumor rejection was indeed independent of CD28 because Cblb -/-CD28 -/-double-mutant mice also efficiently rejected the inoculated EL4 tumors ( Figure 2C ). Inoculation of a high dose of EL4 cells (2.5 × 10 5 cells per mouse) resulted in tumor growth in all WT mice (n = 10); however, the same high dose of tumors grew at a much slower rate in 7 and did not grow at all in 3 Cblb -/-mice (data not shown). Based on these results, we conclude that ablation of Cbl-b confers the ability to reject or attenuate the growth of tumors that express either strong or weak tumor antigens in vivo.
Efficient eradication of syngenic tumors by Cblb -/-CD8 + T cells. Since Cblb -/-CD8 + T cells may respond to antigen stimulation independent of CD28 costimulation and CD4 + T cell help and are resistant to TGF-β suppression, we hypothesized that the observed resistance of Cblb -/-mice to inoculated tumors was primarily mediated by CD8 + T cells. To determine whether this was the case, we first examined infiltration of CD8 + T cells in tumor tissues by immunohistology ( Figure 3A) . We inoculated 1 × 10 6 E.G7 cells into the flanks of C57BL/6 mice and Cblb -/-mice by subcutaneous injection. Seven days after inoculation, we found no detectable CD8 + cell infiltrates in tumor tissues in either WT or Cblb -/-mice. However, 2 weeks after inoculation, a marked increase in CD8 + leukocyte infiltrates was found in tumors in Cblb -/-but not WT mice. The CD8 + infiltrates remained abundant in the regressing tumors in Cblb -/-mice 19 days after inoculation ( Figure 3A) ; however, infiltration was minimal in tumors in WT mice. Flow cytometric analysis revealed that, unlike CD8 + infiltrates in tumors in WT mice, which downregulated surface TCRβ, CD8 + infiltrates in tumors from Cblb -/-mice expressed TCRαβ receptors at a level comparable to that on naive lymph node T cells ( Figure 3B ). These CD8 + T cells also expressed a high level of CD44 ( Figure 3B ), suggesting that they were activated. In addition to CD8 + T cells, tumors in both WT and Cblb -/-mice also contained CD4 + T cell and CD4 + FoxP3 + Treg infiltrates ( Figure 3B and Supplemental Figure 2) . Interestingly, there were significantly more Treg infiltrates in tumors in Cblb -/-mice than in WT mice (P < 0.005). The reason behind this expansion is unclear, but this might suggest that Cblb -/-Tregs mounted a stronger proliferative response to tumor antigen stimulation than did WT Tregs. Nevertheless, since tumors are efficiently rejected by Cblb -/-CD8 + T cells, it appears that these Tregs could not suppress Cblb -/-CD8 + T cell function, despite the previously reported finding that Cblb -/-Tregs are functionally normal in their ability to suppress responses of WT T cells (24) .
To determine whether Cblb -/-CD8 + T cells were responsible for the eradication of tumors, we transferred purified WT or Cblb -/-CD8 + T cells (3 × 10 6 cells per mouse) into E.G7 tumorbearing mice by i.v. injection and monitored tumor growth. We observed that established E.G7 tumors, which were inoculated 7 days before CD8 + T cell transfer, were efficiently eradicated within 4-5 weeks or grew at a much slower rate in mice that received Cblb -/-CD8 + T cells compared with mice that received WT CD8 + T cells ( Figure 3C , left panels). In total, 70% of mice (n = 13) adoptively transferred with Cblb -/-CD8 + T cells eradicated tumors and survived. By contrast, more than 90% of mice (n = 11) that received WT CD8 + T cells had rapid tumor growth and died ( Figure 3C, right panel) .
To determine whether the observed rejection of E.G7 tumors was mediated by tumor-specific CD8 + T cells, we crossed Cblb -/-mice to OT1 TCR transgenic mice, which expressed a transgenic TCR recognizing an OVA peptide in context of H-2K b . The majority of CD8 + T cells developed in OT1 mice express this TCR transgene and are thus capable of recognizing OVA peptide expressed by E.G7 tumor (27) . We found that adoptive transfer of purified WT OT1 CD8 + T cells (3 × 10 6 cells per mouse) into E.G7 tumor-bearing mice (n = 5) failed to prevent any tumor growth. By contrast, transfer of Cblb -/-OT1 CD8 + T cells into the tumorbearing mice resulted in complete regression of the tumors in all of the mice (n = 5) ( Figure 3C ). Taken together, these data indicate that Cblb -/-CD8 + T cells can elicit an efficient immune response against established tumors in a WT host that is otherwise incapable of tumor rejection.
Prevention of spontaneous tumors in ataxia telangiectasia mutated-deficient mice by ablation of Cbl-b. Effective recognition and elimination
of transplanted E.G7 and EL4 tumors by Cblb -/-CD8 + T cells raised the possibility that the Cblb -/-mutation might also facilitate efficient surveillance and protection against spontaneous tumors. To assess this possibility, we crossed Cblb -/-mice with ataxia telangiectasia mutated-deficient (ATM -/-) mice and analyzed the incidence of T cell lymphomas in, and the life span of, the resulting double-mutant mice. Consistent with previous findings (28), we observed that approximately 50% of ATM -/-mice died by 6 months of age (Figure 4 ). Pathological inspection of 13 sick mice revealed that 8 of them had T cell lymphomas. In contrast, no death was observed in 21 Cblb -/-ATM -/-double-mutant mice by 6 months of age, and less than 10% (2 of 21) of the mice became moribund by 9 months of age. These results thus indicate that complete ablation of Cbl-b function may delay or even prevent the onset of at least some spontaneous tumors. 
Discussion
Tumor immunotherapy is a promising approach that can result in the regression of established primary and metastatic cancer in a number of experimental animal models as well as in some clinical trials. However, currently available approaches remain less successful than desired. A major obstacle that has yet to be overcome derives from the observation that generation of effective CTL responses to antigenic tumors requires costimulatory signals, while many tumors do not express the necessary costimulatory ligands. In addition, tumor sites are often enriched in TGF-β expression, so that effective CTL responses may need to be resistant to TGF-β. As a result, T cells recognizing these tumors are often nonresponsive in vivo. In this report, we find that Cblb -/-CD8 + T cells respond efficiently to antigen stimulation even without CD28 costimulation and in the presence of a high concentration of TGF-β. As a consequence, Cblb -/-mice are resistant to inoculated E.G7 and EL4 tumors, and Cblb -/-ATM -/-double-mutant mice exhibit a significantly lower incidence of spontaneous lymphomas than do mice expressing Cbl-b. Our further analysis shows that the adoptive transfer of purified polyclonal or tumor-specific monoclonal Cblb -/-CD8 + T cells is sufficient to eradicate established E.G7 tumors in WT recipient mice, thus indicating that the observed antitumor immunity is mediated by tumorspecific CD8 + T cells, despite the fact that it remains unclear whether the mice that have undergone tumor regression develop antitumor memory. Finally, our data indicate that the antitumor response is indeed independent of CD28, as Cblb -/-CD28 -/-mice are also resistant to inoculated EL4 tumors, and is not inhibited by Tregs, which are present in tumor infiltrates in high numbers. Taken together, these results demonstrate that ablation of Cbl-b in T cells may be sufficient to elicit effective antitumor immunity to relatively highly or poorly immunogenic tumors by facilitating tumor-specific T cell activation even in the absence of CD28 costimulation, providing a powerful tool in cancer immunotherapy.
In vivo nonresponsiveness of CTLs to tumors may involve active suppression of CTLs or lack of appropriate recognition of tumor cells by CTLs. Although our models suggest that the costimulation-independent activation of Cblb -/-T cells is one of the factors responsible for the observed antitumor response, mechanisms other than CD28-independent CD8 + T cell activation may also contribute to the tumor rejection. For example, massive infiltration of Cblb -/-CD8 + T cells in the tumor mass may result from altered cell adhesion and migration. Enhanced cell adhesion may also serve as a mechanism for increased costimulatory signals for T cell activation, since enhanced adhesion may strengthen immunological synapses, thus extending the duration of TCR signaling (29) . Our preliminary data indicate that adhesion of Cblb -/-T cells to fibronectin is significantly enhanced compared with that of WT T cells (data not shown), thus providing support for this notion. Additionally, it has been shown that Cblb -/-T cells may escape an anergic fate under conditions that normally induce immune tolerance in vivo (30) . Cblb -/-T cells may therefore be resistant to tolerance induction by tumor cells, consequently providing better immune surveillance against newly transformed or inoculated tumor cells. Finally, it has been demonstrated that the CTL response against tumors can be inhibited by TGF-β produced by tumor or CD25 + Tregs (9) . CD25 + Tregs may exert immune suppression through secretion of TGF-β (31). Our data indicate that although many Tregs are found infiltrating the tumor mass, tumors are still efficiently rejected by Cblb -/-CD8 + T cells, suggesting that these Cblb -/-T cells are less sensitive to TGF-β suppression. Thus, lack of immune suppression of Cblb -/-CD8 + T cells by TGF-β-secreting tumors or CD4 + Tregs could also be a factor leading to the enhanced antitumor immune responses.
The ability of adoptively transferred Cblb -/-CD8 + T cells to reject antigenic tumors provides a new avenue in tumor immunotherapy. This approach has several advantages. Cblb -/-CD8 + T cells might be broadly effective against a large class of somatic tumors, the majority of which do not express costimulatory ligands. Additionally, the ability of Cblb -/-CD8 + T cells to produce substantial cytokine responses and to function independent of CD28 costimulation and CD4 + T cell help might avoid the need to administer large amounts of cytokines or to immunize patients with vaccines designed to enhance costimulatory signaling and helper T cell responses. It is possible that the effectiveness of current strategies, such as the clinical use of tumor-infiltrating lymphocytes in adoptive immunotherapy, could be enhanced by ablation of Cbl-b using RNAi or dominant-negative forms of the gene.
Finally, our data show that germline ablation of Cbl-b in ATM -/-mice results in a marked reduction of spontaneous tumors and a consequently increased life span. Given the observation that Cblb -/-CD8 + T cells can mount efficient immune responses to transplanted E.G7 and EL4 tumors, the reduced incidence of lymphomagenesis in Cblb -/-ATM -/-double-mutant mice may result from the improved immune surveillance of Cblb -/-CD8 + T cells against the spontaneous tumors that arise in these mice. However, given that tumorigenesis is a very complex process, we cannot exclude the possibility that the germline Cblb -/-mutation decreases tumorigenesis per se, rather than enhancing rejection of tumors arising in Cblb -/-ATM -/-mice. Overall, our results suggest that systemic inhibition of Cbl-b function may be an effective approach to reducing the incidence of tumors. Although our results suggest that systemic inhibition of Cbl-b function might be beneficial in the prevention of cancers, the potential effect of such inhibition on critical physiologic function remains a very substantial caveat to clinic translation. The enhanced susceptibility to autoimmune disease that has been observed in Cblb -/-mice is an example of potentially undesirable consequences of Cbl-b inactivation (22, 23) . Thus, a thorough study on the short- and long-term physiological impact of Cbl-b ablation is necessary before this approach can be considered for cancer prevention. 
Methods
Mice and cells. Cblb -/-, OT1 TCR transgenic, and ATM -/-mice were generated as previous described (22, 28, 32) . Cblb -/-mice were backcrossed to C57BL/6 mice for 12 generations. C57BL/6, Cblb -/-, Cblb -/-OT1 TCR transgenic, ATM -/-, and Cblb -/-ATM -/-double-knockout mice were maintained in specific pathogen-free conditions and all animal experiments were approved by the Animal Care and Use Committees of the NIH and Columbia University. Animals were housed at BIOQUAL Inc., the Twinbrook II Facility of the National Institute of Allergy and Infectious Diseases, and Columbia University Hammer Health Science Center (HHSC) Animal Facility. EL4 (ATCC) and E.G7 cells (generously provided by Lieping Chen, Johns Hopkins University, Baltimore, Maryland, USA) were maintained in RPMI 1640 supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 μg/ml streptomycin, 2 mM glutamine, and 50 μM 2-mercaptoethanol.
In vitro T cell proliferation and cytokine production assays. Total T cells or CD8 + T cells were purified from spleen by MACS (Miltenyi Biotec) using a T cell or CD8 + T cell enrichment kit (Miltenyi Biotec). For T cell proliferation assay, purified CD8 + T cells were stimulated with various concentrations of plate-bound anti-CD3ε and soluble anti-CD28 (5 μg/ml) for 72 hours. After pulsing cells with [ 3 H]-thymidine (1 μCi/well) for 12 hours, cells were harvested, and [ 3 H]-thymidine uptake was determined using a β-counter. For intracellular IL-2 and IFN-γ staining, cells were stimulated for 12 hours with anti-CD3 or anti-CD3 plus anti-CD28 antibodies. After further incubation with Brefeldin A (5 μg/ml) for 6 hours, stimulated cells were surface-stained with anti-CD8 antibody, fixed and permeabilized in Cytofix/Cytoperm solution (BD Biosciences - Pharmingen), and then stained intracellularly with anti-IL-2 and anti-IFN-γ antibodies. Data were acquired on an LSR II flow cytometer system (BD Bioscience) and analyzed with FlowJo software (version 4.4.1; Tree Star Inc). Purified or fluorochrome-conjugated anti-CD3, anti-CD28, anti-CD4, anti-CD8, anti-IL-2, anti-IFN-γ, anti-TCRβ, and anti-CD44 antibodies were from BD Biosciences - Pharmingen, and anti-FoxP3 was from eBioscience. Recombinant mouse TGF-β was from R&D Systems. ELISA analysis of IL-2 production was performed according to a previous protocol (22) .
Immunohistochemistry and analyses of tumor-infiltrating lymphocytes. Seven and nineteen days after tumor inoculation, tumor tissues were collected, frozen in Tissue-Tek OCT medium (Sakura), and cryosectioned. Sections were stained with either H&E or FITC-anti-CD8 antibody. Staining results were recorded by normal or fluorescence microscopy. To analyze tumor infiltrates by flow cytometry, tumor-infiltrating lymphocytes were prepared from tumor tissues 14 days after inoculation. Tumors were excised from sacrificed mice, washed in PBS, and cut into pieces 2-3 mm in size. The resulting tumor pieces were then digested at 37°C with collagenase D (1.5 mg/ml; Sigma-Aldrich) in DMEM supplemented with 2% fetal bovine serum and 50 U/ml DNase I (Sigma-Aldrich). After digestion for 40 minutes, cells were passed through a 70-μm strainer, and flowthrough cell suspension was washed with PBS, stained with different combinations of antibodies, and analyzed on an LSR II flow cytometer system. Antibodies used for staining were anti-TCRβ, anti-CD4, anti-CD8, anti-CD44, and anti-FoxP3.
In vivo experiments. Tumor cells in log-phase growth were washed 3 times with PBS and resuspended in PBS. After shaving the right flank, subcutaneous injection with the numbers of cells indicated in the figure legends and in the Results. For adoptive transfer, at day 7 after establishing tumors in C57BL/6 mice, mice were injected with 3 × 10 6 purified CD8 + T cells isolated from lymph node cells of WT and Cblb -/-or Cblb -/-OT1 mice using a CD8 + T cell enrichment kit (Miltenyi Biotec). Tumor growth was then monitored twice a week using a caliper. Tumor growth in Cblb -/-ATM -/-mice was measured weekly. Tumor volumes were approximated by multiplying the measured length by the measured width by the calculated mean of the measured length and width values as described previously (27) .
Statistics. All paired comparisons were subjected to a 2-tailed Student's t test. P ≤ 0.05 was considered statistically significant.
